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INTRODUCTION 


For  several  years,  the  application  of  optical  methods  to 
propellant  combustion  studies  has  been  implemented  at  the  U.  S.  Army 
ARDEC.  Past  work  in  this  project  has  concentrated  on  the  study  of  model 
flames  and  air-supported  propellant  combustion  by  coherent  anti-Stokes 
Raman  scattering  (CARS)  and  high-speed  photography  (Refs.  1-10) .  These 
studies  have  demonstrated  the  capabilities  to  provide  details  of  the 
flame  temperature  and  products.  The  work  reported  here  represents  the 
next  logical  step  in  the  project:  an  investigation  of  the  behavior  of 
propellants  under  more  realistic  conditions,  particularly  those 
simulating  the  ballistic  pressures  under  which  propellants  are  used. 

A  recent  survey  of  the  literature  has  been  compiled  on  the  study 
of  solid  propellant  combustion  (Ref.  11).  In  general,  these  studies  can 
be  divided  into  two  groups.  The  first  group  emphasizes  the  physical  and 
thermal  aspects  of  the  burning  processes,  but  pays  little  attention  to 
the  chemical  events  attending  those  combust ions .  This  is  understandable 
since  all  the  models  of  propellant  combustion  so  far  cannot  handle  all 
the  detailed  reactions  in  both  the  gas  and  condensed  phases  (Ref.  12). 
The  second  group  includes  those  studies  of  the  species  distribution  in 
the  flame  (Refs.  13,  14)  and  of  the  decomposition  mechanism  of  the  major 
propellant  ingredients  in  their  neat  state  (Ref.  15).  These  studies 
dwell  more  on  the  chemistry  but  make  no  connection  to  the  bulk  behavior 
of  the  propellant,  such  as  the  burning  rate  or  flame  spreading.  The 
present  work  is  an  attempt  to  relate  some  of  the  phenomenology  observed 
in  the  propellant  combustion  with  the  molecular  events  in  the  flame. 

For  that  purpose,  the  work  combines  two  simple  techniques  which 
can  be  applied  simultaneously  on  each  propellant  burning.  The  first  one 
is  a  convenient  way  to  extract  the  burning  rate  and  determine  the  flame 
zones:  straightforward  video  recording  of  the  combustion.  The  second 
technique  is  to  identify  the  reactive  flame  species  by  their  UV-visible 
emissions.  This  last  method  has  often  been  done  in  the  UV-IR  region  to 
trace  the  species  profile  in  propellant  flames,  with  the  ultimate  goal 
of  explaining  the  temperature  profile  in  terms  of  the  molecular  events, 
or  vice  versa  (Refs.  13,  14,  16).  Emission  spectroscopy  has  also  been 
used  to  compare  the  atomic  and  molecular  constituents  of  the  propellant 
flame  with  those  of  the  burner  flame,  thus  defining  the  propellant 
combustion  in  terms  of  the  more  tractable  model  flame  (Ref.  17) . 

What  is  still  lacking  is  a  more  comprehensive  understanding  of  the 
relationship  between  the  condensed  phase  burning  rate  and  the  chemistry 
in  the  gas  phase.  A  propellant  combustion  consists  of  two  stages: 

-decomposition  at  the  propellant  surface,  usually  described  by 
the  pyrolysis  of  pure  nitramine,  nitrocellulose,  or  some  simpler  nitrate 
ester,  and 

-gas  reactions,  similar  to  those  occurring  in  model  flames. 
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Connecting  the  two  stages  is  the  heat  generated  by  the  flame 
chemistry  which  contributes  to  further  surface  decomposition.  Thus,  an 
understanding  of  the  flame  events  is  necessary  to  explain  the  processes 
at  the  burning  surface.  Moreover,  the  interaction  of  the  burning  surface 
and  its  flame  with  the  reactive  atmosphere  is  very  rarely  investigated. 
This  is  not  surprising,  considering  the  complexity  dealt  with  even  for 
propellants  burned  in  inert  atmospheres.  Nevertheless,  this 
participation  of  the  ambient  atmosphere  cannot  be  ignored  in  real 
situations,  such  as  in  gun  chambers.  This  report  addresses  the 
combustion  of  propellants  under  high  pressures  of  both  inert  and 
reactive  atmospheres.  While  a  complete  explanation  and  correlation  of 
the  bulk  and  microscopic  behaviors  is  still  a  long-range  goal  and 
requires  more  work  than  what  has  been  accomplished,  a  number  of 
questions  have  been  resolved  and  reported  here.  Other  questions  will 
inevitably  be  raised,  which  will  help  direct  future  work. 
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EXPERIMENTAL 


Materials 


All  the  propellants  studied  are  representative  nitramine  and 
nitrate  esters.  The  nitramine  propellants  are  designated  LOVA-1  and 
LOVA-2 .  The  nitrate  ester  propellants  consist  of  two  types.  The 
propellants  based  on  nitrocellulose  and  metriol-trinitrate  (NC/MTN )  are 
designated  NOSOL  and  Pb-NOSOL  (lead  catalyzed) .  The  propellants  based  on 
nitrocellulose  and  nitroglycerine  (NC/NG)  are  designated  DB-1  and  DB-2 . 
Their  sizes  and  compositions  are  listed  in  Table  1. 


Experimental  Setup 


The  system  set  up  to  perform  simultaneous  video  recording  and 
emission  spectroscopy  of  propellant  combustion  is  shown  in  Figure  1.  The 
sample  cell  is  a  stainless  steel  optical  bomb  (Atlantic  Research 
Corporation,  Model  105)  used  in  an  earlier  work  (Ref.  9)  and,  depending 
on  the  thickness  of  the  windows,  can  hold  up  to  340  atm  (5000  psi)  . 
However,  for  the  purpose  of  this  work  a  rupture  disk  with  a  limit  of 
68  atm  (1000  psi)  is  attached  to  the  gas  exhaust  port  of  the  cell  to 
prevent  an  excessive  pressure  buildup.  The  removable  bomb  head  serves  a 
dual  purpose:  to  suspend  the  °?mple  holder  at  a  pre-determined  height  in 
the  bomb,  and  to  conduct  electrical  leads  to  the  nichrome  ignition  wire. 
A  scale  marker  of  known  length  is  fixed  to  the  sample  holder  to  measure 
the  distance  travelled  by  the  regressing  surface  of  the  propellant  in 
each  burning. 

The  gas  flow  in  the  cell  is  vertical  upward  to  minimize  the 
vacillation  of  the  flame  and  to  prevent  coating  of  the  cell  windows  by 
the  flame  products.  The  pressure  in  the  bomb  is  maintained  by  adjusting 
the  inlet  and  exhaust  rates.  A  pressure  transducer  (Heise,  Model  620)  is 
attached  to  the  gas  line  near  the  cell  to  monitor  the  pressure  variation 
in  the  bomb  for  each  burning.  A  Nicolet  oscilloscope  (Model  2090-III) 
stores  the  pressure-time  records  on  disks. 

A  basic  Panasonic  system  was  used  for  video  recording,  consisting 
of  a  Model  AG-1950  recorder  player  capable  of  still  frame  and  slow- 
motion  playback,  a  color  monitor  (Model  MT-1340G)  and  a  Digital  5000 
camera  with  adaptable  lenses.  A  few  experiments  had  to  incorporate  a 
neutral  density  filter  to  prevent  saturation  on  the  camera  by  the 
intense  flame.  The  spectroscopy  setup  was  an  optical  multichannel 
analyzer  (OMA)  similar  to  one  used  previously  (Ref.  10)  .  The  only 
difference  here  is  in  the  OMA-III  system  (EG&G,  Princeton  Applied 
Research) .  With  this  system,  monitoring  the  evolution  of  an  emission 
band  is  made  possible  by  storing  successive  detector  scans  into 
sequential  memories.  This  operational  mode  alio  ’s  last  scanning  through 
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Table  1.  Composition  (weight  %)  and  size  of  propellants 


<D 

in 

o 

r~ 

o 

vr 

P0 

H 

lO  04  CM  r-  o 

r-  r~l 


**  in  ro 
o  m  ID 


m  rn  i-i  oo 

io  r~  o  i— 


^  oo 

KO 

o 

o  in 

CN 

• 

•  • 

• 

in  t-H 

o  o 

00 

Q 

Z  X  O 
U  O  H  Q  W 


O 

*H 

4-4 

O 

(m 

u  o 
<u  w 
CHU 


ro  E 

D  4J  3 

4-1  0  -H 

-H  CP  (0 

rH  to 

0X3(0 
>1  (0  4-> 
MOO 


ZZSoGE-iUWrtSWCJMlCu 


i—(  <D 

0  C 

£  H  O 
O  O  4-J 
O  4J  4) 

• — (  (0  o 

<  s  < 


ATEC  =  acetyl  triethyl  citrate,  EC  =  ethyl  cencralite. 


/ -  VIDEO 

— l  RECORDING 

CAMERA  MONITORING 


^3 


cc 

LU 

2  £ 
<  LU 
IU  h- 
QQ  CO 


O 

a: 

oc 

2 


IU 

z 

z 

< 

-I  I 
<  o 
o  p 

t  ? 

O  2 


LU 

tr 

=5 

CO 

l/) 

LU 

a: 

CL 

» 

l 

o 

X 


LU 

(J 


c 

a> 

6 

M 

<d 

a 

x 

w 


41 

M 

3 

Cn 

-H 

Uj 


5 


ANALYZER 


the  different  combustion  zones  of  a  non-stat ionary  flame  during  the 
regression  of  the  burning  surface.  For  this  reason,  an  im'-ge  rotator 
positioned  between  the  cell  window  and  the  spectrograph  serves  to 
project  a  horizontal  portion  of  the  flame  onto  the  detector  slit. 
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PHENOMENOLOGICAL  OBSERVATIONS 


Flame  Structure 


Some  general  features  expected  of  all  propellant  flames  can  be 
seen  in  Figures  2  and  3:  end  burning  at  a  moderate  pressure,  the  dark 
zone  with  a  decreasing  thickness  as  the  pressure  increases,  and  the 
luminous  secondary  flame.  However,  there  are  many  features 
characteristic  of  each  type  of  propellant  and  its  burning  conditions. 


Nitramine  Propellants 


The  secondary  flame  of  both  LOVA-1  and  LOVA-2  propellants 
consists  of  two  regions:  adjacent  to  the  dark  zone  is  a  bright  white 
flame,  probably  with  the  hot  flame  products  just  formed;  the  second 
region  is  the  equilibrium  zone  and  has  an  orange  color.  An  example  of 
this  is  shown  in  Figure  2(a) .  Usually,  as  in  Figure  2(b),  parts  of  the 
luminous  flame  seem  to  hang  on  to  the  propellant .  This  is  due  to  hot 
spots  on  the  burning  surface  causing  early  reactions  at  or  near  the 
surface,  which  then  emit  luminous  gas  into  the  main  secondary  flame. 
When  argon  is  used  as  the  buffer  gas,  smoke  can  always  be  seen  puffing 
out  around  the  edge  of  the  burning  surface.  At  sufficiently  low 
pressures  when  the  pyrolysis  mainly  consists  of  decomposition  and 
vaporization,  long  carbonaceous  fibers  start  to  form  on  the  regressing 
surface  of  the  propellant. 

Figure  2(c)  shows  a  LOVA-2  combustion  in  a  Ar/02  buffer  gas. 
In  such  an  atmosphere,  the  LOVA  combustion  is  always  accompanied  by 
flame  spreading  down  the  length  of  the  propellant  grain,  thus  clearly 
exposing  the  melt  layer  on  the  burning  cone.  The  whole  flame  appears 
orange.  Due  to  this  spreading,  the  dark  zone  is  not  so  clearly  apparent, 
but  can  still  be  detected  as  a  thin  region  surrounding  the  burning  cone 
inside  the  flame.  The  smoke  is  not  observable  in  these  oxygen-supported 
combustions,  especially  as  the  02-content  increases. 


Nitrate  Ester  Propellants 

NC/MTN  Base.  Both  NOSOL  and  Pb-NOSOL  propellants  were 
studied  in  pure  argon  atmospheres  only,  between  7  and  20  atm  (~  100-300 
psi).  The  combustion  occurred  in  the  end-burning  fashion,  without  any 
flame  spreading. 

The  NOSOL  propellant  shows  a  long  bright  white  vertical 
flame  with  a  violet  tint,  as  can  be  seen  in  Figure  3(a)  .  Spherical 
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agglomerates  were  formed  and  got  ejected  from  the  burning  surface.  If 
they  stayed  on  the  surface,  they  became  additional  moving  sources  of 
luminous  flame  and  sometimes  even  briefly  carried  parts  of  the  flame 
when  they  ejected  off  the  propellant.  There  is  a  dark  zone  in  the  NOSOL 
flame,  although  it  is  a  little  difficult  to  define  because  of  the  flame 
traces  from  the  hot  agglomerates . 

Figure  3(b)  shows  the  Pb-NOSOL  propellant  flame.  There 
are  some  similarities  and  some  contrasts  between  this  flame  and  the 
NOSOL  flame.  The  Pb-NOSOL  flame  has  a  more  uniform  orange-yellow  color. 
At  the  low  end  of  the  pressure  range,  its  combustion  created  large  white 
solid  clusters  of  various  shapes,  unlike  those  seen  in  the  case  of 
NOSOL.  But  as  in  the  NOSOL  combustion,  some  of  these  clusters  can  be 
seen  as  flame  holders  when  they  ejected  or  spilled  off  the  propellant. 


NC/NG  Base.  At  low  argon  pressures  both  DB-1  and  DB-2 
propellants  burn  vertically  downward,  with  glowing  particles  streaking 
upward  from  the  horizontal  burning  surface.  The  flame  always  has  a 
yellow-orange  color,  and  is  less  stable  than  the  NC/MTN  flames. 
Increasing  the  pressure  causes  more  flame  spreading.  This  was  observed 
in  both  Ar  and  Ar/02  gases,  unlike  the  case  of  LOVA  propellants  where 
flame  spreading  occurs  only  in  reactive  atmospheres.  The  burning  cone 
shows  luminous  spots  on  its  surface;  perhaps  these  were  carbonaceous 
fibers  or  particles.  Figure  3(c)  shows  an  ill-defined  dark  zone,  with 
its  thickness  increasing  from  the  cone  apex.  Higher  pressures  cause  such 
fast  flame  spreading  that  this  dark  zone  can  no  longer  be  seen. 


Burning  Rate 


The  burning  rates  and  the  thickness  of  the  dark  zones  were 
measured  from  the  video  recording  of  the  burnings.  Only  slight  pressure 
variations  were  observed  during  each  experiment,  the  average  value  was 
taken  as  the  constant  pressure  for  each  burning.  Figure  4  shows  a 
typical  pressure-time  history.  The  estimated  variation  is  about  3-7%  of 
the  average  pressure  for  the  whole  burning  period  (5-10  sec) . 

The  log-log  plots  of  burning  rate,  r,  against  pressure,  P,  were 
then  fitted  by  linear  regression-analysis  to  Vieille's  equation, 

r  =  a-Pb  (1) 

with  r  and  P  expressed  in  mm/sec  and  atm,  respectively.  In  cases  of 
flame  spreading,  the  rate  of  flame  spread,  V  was  first  measured  and  then 
converted  to  the  burning  rate  by 

r  =  V-  sin©  (2) 
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Figure  4.  Chamber  pressure  during  a  propellant  burning 


r 


with  0  =  half -angle  at  the  apex  of  the  burning  cone  (Ref.  18) .  Figure  5 
shows  this  relationship  between  the  direction  of  flame  spreading  and  the 
burning  surface . 


Figure  5.  Directions  of  flame  spreading  and  burning  rate  (adapted  from 
Ref.  18) 


Nitramine  Propellants 

Shown  in  Figure  6(a)  is  the  burning  rate  of  the  LOVA-1 
propellant  in  argon;  it  fits  the  rate  law 

r  =  0.15-P0-70  (3) 

The  LOVA-2  propellant  burning  in  argon  exhibits  a  more  complicated 
behavior.  As  shown  in  Figure  7(a),  its  burning  rate  in  argon  rises 
sharply  as  the  gas  pressure  increases  from  6  atm  (~90  psi)  to  20  atm 
(~300  psi)  .  Beyond  that  range,  the  burning  rate  levels  off.  Although 
this  plot  may  be  fitted  to  a  single  non-linear  rate  function,  it  will  be 
more  useful  to  consider  two  different  pressure  ranges  and  to  apply 
Vieille's  law  to  each: 

r  =  0.05-P1-18  for  6  atm  <  P  <  20  atm  (4a) 

and  r  =  0.77 -p0.25  for  15  atm  <  P  <  50  atm  (4b) 
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Figure  6.  Burning  rates  of  LOVA-1  and  NOSOL  propellants  in  Ar 
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BURNING  RATE  (mm/sec) 


Figure  7:  Burning  rates  of  LOVA-2  propellant  in  Ar  and  in  Ar/C>2 
atmospheres 
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The  presence  of  oxygen  in  the  atmosphere  significantly  contributes  to 
the  burning  rate,  particularly  at  low  pressures.  For  Ar  +  10%  02,  the 
burning  rate  is  non-zero  but  nearly  constant  at  low  pressures  : 

r  =  0.49-P0-08  for  1  atm  <  P  <  6  atm  (5a) 

However,  as  can  be  seen  in  Figure  7 (b) ,  at  higher  pressures  the  burning 

rate  is  almost  the  same  as  in  pure  argon,  with  the  rate  law 

r  =  0.14 -p0.82  for  4  atm  <  p  <  50  atm  (5b) 

Figure  7(c)  shows  the  burning  rate  for  LOVA-2  in  Ar  +  20%  02  .  For  the 
pressure  range  indicated  in  the  figure,  the  rate  law  can  be  approximated 
by 


r  =  0.37  .p0.70  (6) 

The  burning  rate  started  out  high  near  atmospheric  conditions.  But 
again,  as  the  pressure  becomes  greater,  it  tends  to  get  closer  in  value 
to  the  high  pressure  burning  rate  in  argon. 


Nitrate  Ester  Propellants 


NC/MTN  Base.  All  the  double  base  propellants  were  found  to 
react  rapidly  even  in  an  inert  surrounding.  The  Pb-NOSOL  combustion  was 
too  fast  to  measure.  Longer  strands  of  this  propellant  would  be  needed 
to  get  any  meaningful  data.  Thus,  only  the  burning  rate  of  the  unleaded 
NOSOL  propellant  in  argon  was  determined  in  this  work: 

r  =  0.42-P0-60  (7) 

Figure  6(b)  simply  illustrates  the  fact  that  the  nitrate  ester 
propellant  consistently  reacts  faster  than  the  nitramine  propellant. 

NC/NG  Base.  The  burning  rate  of  the  DB-1  propellant  was 
found  to  be 


r  =  0.33-pO-Sl 

in 

Ar 

(8) 

r  =  0.34  -p°-81 

in 

Ar  + 

5%  02 

(9) 

r  =  0. 78 -P° -60 

in 

Ar  + 

10%  02 

(10) 

Apparently,  the  oxygen-content  in  the  Ar  +  5%  02  mixture  was  not  strong 
enough  to  affect  the  burning  rate,  although  it  did  sustain  the 
combustion  at  low  pressures  where  the  inert  gas  failed.  Figure  8(d)  and 
Equation  10  show  the  influence  of  02  more  clearly,  i.e.  only  at  low 
pressures.  At  higher  pressures  the  burning  rates  in  reactive  atmospheres 
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Figure  8.  Burning  rates  of  DB  propellants  in  Ar  and  in  Ar/C>2 


and  in  inert  gas  approach  each  other  and  oxygen  loses  its  rate-enhancing 
effect . 


An  examination  of  Figure  7  (b)  gives  some  insight  into 
the  burning  behavior  of  the  propellants  at  low  Ar/02  pressures.  Below 
6  atm  the  burning  rate  is  essentially  independent  of  pressure,  as  also 
indicated  by  the  near-zero  exponent  in  Equation  5a.  Apparently,  the 
decomposition  rate  at  the  burning  surface  is  unaffected  by  the  thermal 
feedback  from  reactive  collisions  in  the  gas  phase.  It  is  interesting  to 
note  that,  when  enough  02  is  present  in  the  atmosphere,  all  the  pressure 
exponents  in  Vieille’s  law  are  smaller  than  in  the  cases  where  only  an 
inert  atmosphere  is  used.  This  is  true  until  the  high  pressure  region  is 
reached,  where  the  burning  rates  in  Ar/02  mixtures  and  in  pure  argon  are 
closer  in  their  values. 


Effect  of  Propellant  Dimensions 


To  determine  the  effect  of  strand  size  of  the  propellant  on  its 
burning  rate,  the  DB-2  propellant  was  tried  in  pure  argon,  giving  the 
rate-law 


r  =  0 . 34 • P° • 81  (11) 

Within  each  other's  experimental  uncertainties.  Equations  11  and  8  are 
exactly  the  same.  It  is  clear  that  for  the  DB-1  and  DB-2  propellants, 
the  dimension  of  the  strand  does  not  affect  the  burning  rate. 


Order  of  the  Overall  Flame  Reaction 


Based  on  a  model  in  which  the  dark  zone  serves  as  an  induction 
volume  where  the  gaseous  species  mix  and  react  to  give  the  final 
products  in  the  secondary  flame,  N.  Kubota  and  coworkers  (Ref.  13)  have 
proved  that  the  order  of  the  total  reaction  in  the  gas  phase  can  be 
summarized  by 


n  =  b  -  d  (12) 

where  b  is  defined  in  Equation  1;  and  d  is  the  exponent  in  the  relation 
between  the  thickness  of  the  dark  zone,  Hdz,  and  the  pressure: 

Hd2  =  c  ■  Pd  (13) 


with  c  being  a  constant  characteristic  of  the  propellant  and  burning 
conditions.  As  mentioned  earlier,  the  dark  zone  can  be  defined  in  these 
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experiments  only  when  the  end-burning  mode  allows  an  unambiguous  visual 
measurement.  This  precludes  the  cases  of  flame  spreading,  such  as  often 
seen  with  the  NC/NG  propellants  studied  in  this  work.  The  values  of  Hdz 
for  the  LOVA  and  the  unleaded  NOSOL  propellants  have  been  determined  and 
least-square  fitted  to  the  following  equations: 

Hdz  =  7  31  •  P-2  • 36  for  LOVA-1  (14) 
Hdz  =  1026-P-1-93  for  LOVA- 2  (15) 
Hdz  =  152 • P-1  • 46  for  NOSOL  (16) 

These  fittings  are  shown  in  Figure  9.  The  orders  of  the  overall  flame 
reactions  can  now  be  obtained  by  applying  the  numerical  values  to  b  and 
d  in  Equation  12.  A  caution  must  be  taken  here  concerning  the  b-value 
used  for  LOVA- 2 .  It  must  be  evaluated  in  the  same  pressure  region  as  the 
corresponding  d-value,  i.e.  Equation  4a.  The  results  are  listed  here: 


Table  2.  Order  of  the  overall  flame  reaction  in  argon 


Propellant 

b 

d 

n 

LOVA-1 

0.70 

-2.36 

-3 

LOVA-2 

1.18 

-1.93 

~3 

NOSOL 

0.69 

-1.46 

-2 

by 


In  general,  the  chemistry  in  a  propellant  flame  can  be  represented 


nf-Fuel  +  no-0xidizer  ->  Final  Products 

with  nf  ant  nQ  being  the  stoichiometric  coefficients.  The  fuel  in  the 
NOSOL  flame  should  be  an  aldehyde,  and  the  oxidizer  NO2  (Refs.  16,  20) . 
The  final  products  include  H20,  C02  and  N2,  among  others.  Still  to  be 
determined  are  the  stoichiometric  coefficients.  All  the  NOSOL  and  DB 
propellants,  with  nitrocellulose  as  their  main  ingredient,  are  expected 
to  have  the  same  nf  and  the  same  n0. 

The  chemistry  in  the  LOVA  flame  is  more  involved,  being  a  third 
order  reaction.  Moreover,  much  debate  is  still  going  on  concerning  the 
immediate  products  of  nitramine  decomposition  (Refs.  15,  20).  Basically, 
the  uncertainty  is  on  the  evidence  of  the  first  bond  breaking  step  of 
nitramines.  Thus,  the  flame  fuel  can  be  either  a  RCHO  or  a  RCN  molecule, 
or  both.  The  same  can  be  said  about  N02  and  N20  in  the  oxidizer  role. 


18 


PRESSURE  (atm) 


9.  Thickness  of  the  dark  zones  as  a  function  of  pre 


A  good  knowledge  of  the  gaseous  participants  is  needed  if  an  accurate 
overall  reaction  in  the  propellant  flames  is  ever  to  be  obtained.  The 
next  chapter  on  emission  spectroscopy  will  discuss  this  aspect. 
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EMISSION  SPECTROSCOPY  OF  PROPELLANT  FLAMES 


Propellant  Flame  Species 


Most  of  the  spectroscopy  was  done  in  an  inert  atmosphere  to 
determine  the  species  coming  exclusively  from  the  propellant  components. 
However,  a  good  number  of  spectra  were  also  taken  from  the  burnings  in 
air  or  in  an  C>2-seeded  atmosphere  in  order  to  evaluate  the  role  of 
oxygen  in  the  combustion  chemistry.  When  the  burning  was  done  in  the 
combustion  chamber,  the  pressure  was  kept  constant  in  the  14-20  atm 
(-200-300  psi)  range.  In  spite  of  a  strong  background  continuum  in  many 
spectra,  signals  from  the  common  species  expected  of  these  flames  can  be 
easily  recognized.  Figures  10  and  11  are  examples  of  the  spectral 
quality  obtained.  Because  of  the  high  pressure  in  the  optical  bomb,  the 
bands  show  collision-broadening. 

All  the  propellants  studied  here  produced  C2,  C N,  CO  and  NH  in 
argon  as  well  as  in  air.  CO  exhibited  three  main  bands  in  argon. 
Detected  early  in  the  burnings  were  the  emissions  at  4661  and  5198  A. 
The  3305  A  emission,  of  the  Third  Positive  CO-bands,  appeared  strongly 
in  the  last  half  of  the  burning,  apparently  in  the  secondary  flame. 
These  Third  Positive  bands  were  unmistakably  recognized  by  their  violet- 
degraded  structure.  No  CH-emission  was  found,  except  for  a  faint  signal 
in  one  case  of  the  air-supported  LOVA-2  combustion.  Also  missing  in  all 
the  combustions  in  argon  were  the  emissions  by  OH.  Table  3  summarizes 
the  main  results. 

Other  species  may  have  occurred  also  but  their  signals  were 
neither  strong  nor  consistent  enough  to  definitely  prove  their 
existence.  Among  these  species  are  NO  and  N2 .  A  search  was  carried  out 
for  NO  in  the  DB-1  and  LOVA-2  flames,  with  negative  results.  Although  a 
signal  was  recorded  at  4284  A  in  the  DB-1  flame,  it  was  too  weak  to  be 
conclusive;  it  would  be  due  to  the  NO  y-band.  An  emission  at  4722  A  was 
detected  from  the  Pb-NOSOL  and  LOVA-1  flames  in  argon.  This  could  be  due 
to  N2(C3nu) .  However,  as  indicated  in  Table  3,  no  emission  was  found  at 
at  that  same  wavelength  in  the  case  of  the  LOVA-2  and  DB-1  flames  in 
argon.  A  thermodynamic  calculation  of  the  propellant  combustions  studied 
here  indicated  that  N2  is  a  very  insignificant  product.  Thus,  the 
presence  of  N2  as  a  propellant  flame  product,  be  it  excited  or 
equilibrated,  still  needs  to  be  investigated  further. 

A  number  of  emission  bands  suggested  the  ions  CH+  (4777  and  4797  A) 
and  CO+  (4711  A)  .  Again  the  emission  signals  here  are  weak  and  broad. 
Moreover,  the  strong  background  continuum  hampers  any  conclusive 
identifications.  The  ionization  of  flame  species  is  usually  highly 
endothermic,  and  it  is  doubtful  that  the  propellant  flames  were  hot 
enough  to  provide  the  energy  necessary  to  strip  the  neutral  species  of 
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5165 


Figure  10.  C2  and  CO  emissions  from  propellant  combustion 


3883 
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Figure  11.  CN  and  NH  emissions  from  propellant  combustion 


Table  3:  Some  reactive  species  in  propellant  flames* 


LOVA-1 

LOVA-2 

NOSOL 

Pb-NOSOL 

DB-1 

C2 

yes 

yes 

- 

yes 

yes 

CH 

no 

no 

no 

no 

no 

CN 

yes 

yes 

- 

yes 

yes 

CO 

- 

yes 

- 

yes 

yes 

n2 

yes 

no 

- 

yes 

no 

NH 

yes 

yes 

- 

yes 

yes 

NO 

- 

no 

- 

- 

no 

OH 

no 

in  02 
atm 

in  02 
atm 

*  Other 

possible 

species:  CH+, 

C0+,  and 

HCO  or  HN02  . 
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their  electron.  However,  if  the  flame  contains  some  metallic  impurity, 
then  ionization  becomes  more  likely.  In  fact,  the  sodium-doublet  at 
5891  A  has  shown  up  very  strongly  in  the  NOSOL  and  Pb-NOSOL  flames. 
Copper  may  have  been  detected  as  CuCl  by  strong  bands  at  4755  A  in 
the  DB-1  flame,  and  at  4330  A  and  4354  A  in  the  LOVA-1  flame. 

Because  this  work  was  initially  focused  on  those  reactive  species 
and  flame  products  derived  from  the  major  propellant  components  such  as 
NC  and  RDX,  no  serious  attempts  were  made  to  search  for  metal  species  in 
the  gas  phase.  Therefore,  the  presence  or  absence  of  any  metals  and  ions 
in  the  flames  is  still  unknown. 


Effects  of  O2  On  Flame  Emissions 


As  reported  earlier,  a  significant  finding  in  this  work  is  the 
complete  absence  of  the  OH  signal  when  the  propellants  were  burned  in 
argon  or  nitrogen.  However,  OH  was  detected  readily  when  the  LOVA  and  DB 
propellants  were  burned  in  air  or  in  Ar/02  mixtures.  An  example  is  shown 
in  Figure  12.  In  such  situations,  the  OH  emission  occurred  immediately 
after  ignition.  Its  intensity  was  strong  throughout  the  combustion, 
indicative  of  the  abundance  of  OH  in  all  the  combustion  zones. 

The  Third  Positive  CO  band  was  also  affected  by  the  presence  of  02 
in  the  buffer  gas.  Experiments  were  carried  out  at  14  atm  (-200  psi)  of 
Ar/02  mixtures,  in  which  the  accumulated  peak-intensity  at  3304  A, 
Itotal'  was  measured  as  a  function  the  initial  oxygen  content.  The 
results  listed  in  Table  4  clearly  show  that  02  did  not  deplete  the 
amount  of  CO  by  oxidizing  it  to  the  final  product  C02  as  first  thought; 
on  the  contrary,  it  contributed  to  the  CO  formation. 

Table  4.  Accumulated  peak-intensity  of  CO  band  at  3304  A 


%  02  in  Ar  Itotal  (103  counts) 


0  1.5 

5  4.5 

10  16.5 

20  27.9 


Figure  12.  OH  emission  from  DB-1  combustion  in  Ar/02  atmosphere 


3700 


*  • 

3800  A 


3075 


Figure  13.  Early  emission  from  DB-1  combustion  in  the  3500-3900  A 
region 
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Early  Emission  from  NC/NG  Flame 


During  the  search  for  emissions  in  the  region  below  4000  A,  a 
series  of  well-structured  bands  was  found  very  early  in  each  burning  of 
the  DB-1  propellant  in  argon  and  in  nitrogen.  The  pressure  at  which  this 
series  occurred  was  about  12-14  atm  (-170-200  psi) .  Figure  13  shows  the 
series  consisting  of  sharp  lines,  regularly  spaced  at  intervals  of  5  to 
10  Angstrom.  The  relative  line  intensities  also  exhibit  a  periodic 
trend.  The  duration  of  this  emission  series  is  very  brief;  by  a  rough 
estimate,  it  lasted  no  longer  than  a  millisecond.  Therefore,  the  source 
of  this  spectrum  must  be  a  highly  reactive  species.  At  higher 
pressures,  when  the  dark  zone  vanishes,  so  does  the  spectrum.  The 
reactive  emitters  must  be  some  dark  zone  species. 

Only  qualitative  speculations  about  the  source  of  this  spectrum 
can  be  made  at  the  present  time.  Calculated  transitions  for  a  number  of 
diatomic  flame  species  failed  to  match  the  emission  lines  found  here. 
Hydrocarbon  flame  bands  in  the  3200-4000  A  were  obtained  in  the 
oxyacetylene  flame,  and  may  be  due  to  HCO  (Ref.  22)  .  However,  its 
regular  structure  does  not  quite  match  the  emission  peaks  found  in  this 
work.  Another  possibility  is  HONO,  with  electronic  transitions  in  the 
same  spectral  range  (Ref.  23).  Unfortunately,  not  enough  information 
regarding  the  excited  states  of  this  molecule  is  available  to  calculate 
the  rotational-vibrational  lines  in  its  electronic  emissions. 

It  is  also  possible  that  this  is  an  overlap  spectrum  from  more 
than  one  source.  Even  if  this  early  emission  were  from  a  single  source, 
the  band  head  of  the  series  has  not  been  reached  yet.  For  a  complete 
spectrum,  further  search  will  have  to  be  carried  toward  shorter 
wavelengths . 
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DISCUSSION 


Propellant  Combustion  in  Inert  Atmospheres 


The  order  of  the  overall  flame  reaction  has  been  determined  for 
some  propellants.  The  NOSOL  propellants  exhibit  a  second  order  flame 
chemistry.  A  simple  guess  would  be  a  reaction  between  an  aldehyde  and 
NO2  •  However,  emission  studies  done  here  in  pure  argcn  have  shown  the 
presence  of  CN  and  NH,  and  no  signs  of  CH  and  OH.  This  could  imply  a 
combustion  with  a  predominantly  RCN-type  fuel  flame  (Refs.  17,  20). 
Thus,  a  reasonable  hypothesis  here  should  include  RCN: 

nfl"RCHO  +  nf2-R'CN  +  n0-N02  ->  Final  Products  (I) 

with  the  stoichiometric  coefficients  nfl  +  nf2  +  nQ  ~  2.  This  overall 
reaction  is  applicable  to  the  DB  propellants  as  well,  based  on  the 
similarity  in  primary  ingredients  between  the  NOSOL  and  DB  propellants, 
and  also  because  of  the  same  spectroscopic  findings  in  both  cases. 

The  flame  chemistry  of  the  LOVA  propellants  follows  a  third  order 
reaction.  Thus  a  smaller  effect  on  the  heat  feedback  to  the  condensed 
phase  partly  explains  the  lower  burning  rate  of  LOVA  compared  to  the 
nitrate  ester  propellants.  Since  aldehydes,  HCN,  N02  and  N20  often  count 
among  the  major  components  of  nitramine  flames  (Refs.  7,  15,  21),  the 
following  general  scheme  is  proposed  for  the  LOVA  flame: 

nfl-RCHO  +  nf2-R'CN  +  nol-N02+  no2-N20  ->  Final  Products  (II) 

with  Xinfi  +  Xi.n0i  ~  3.  The  stoichiometry  in  Reactions  I  and  II  can  be 
established  only  after  the  major  elementary  reactions  have  been  defined. 

A  common  aspect  found  in  all  the  flames  is  the  pervasive  C2  Swan- 
bands  in  their  emissions.  This  suggests  that  the  propellant  combustion 
act  as  fuel-rich  flames,  producing  carbonaceous  fibers  seen  on  the 
propellants  during  and  after  the  burnings.  This  fuel-rich  model  is 
particularly  most  applicable  to  the  LOVA  flame  where,  as  noted  earlier, 
smoke  was  observed  during  the  burnings  in  argon. 

Neither  NO  emission  nor  CH  emission  was  detected.  The  failure  to 
find  emissions  by  a  species  does  not  necessarily  discount  its  existence. 
It  could  also  mean  that  the  molecule  or  radical  was  produced  in  its 
ground  state  and  would  be  better  detected  by  absorption,  or  it  could 
have  escaped  detection  through  reactive  channels.  Considering  the  early 
emissions  by  CO  at  4661  and  5198  A,  and  NH  at  3360  A,  the  following 
reactive  channel  seems  to  be  the  case  for  those  missing  CH  and  NO  bands: 

CH  +  NO  ->  CO  +  NH  +  462.3  kJ/mole  (III) 
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Other  similar  reactions  could  also  be  written  to  account  for  the 
CO-formation.  However,  such  arguments  would  need  time-resolved 
monitoring  of  both  reactants  and  products  for  supporting  evidence. 


Effect  of  Ambient  02 


The  presence  of  oxygen  in  the  atmosphere  has  its  strongest 
influence  on  the  burning  rate  at  low  pressures  only.  The  burning  rate  at 
high  pressures  is  almost  the  same  in  reactive  atmospheres  as  in  inert 
gas.  Thus,  heat  exchange  between  the  flame  and  the  propellant  becomes 
the  dominant  factor  controlling  the  high-pressure  burning  rate.  It  is 
clear  that  there  are  two  different  processes  competing  to  affect  the 
burning  rate  in  the  presence  of  oxygen:  heat  feedback  from  all  the 
reactions  in  the  gas  phase,  and  reactions  of  02  which  directly 
accelerate  the  propellant  decomposition. 


Reactions  in  the  Gas  Phase 


There  are  at  least  two  reactions  between  oxygen  and  the  flame 
species.  As  an  explanation  of  the  strong  OH  emission  in  the  02-supported 
burnings  of  the  DE-1  and  LOVA  propellants,  the  following  reaction  is 
postulated : 

CH  +  02  ->  CO  +  OH  +  512.9  kJ/mole  (IV) 

This  agrees  with  the  rise  in  the  total  CO  emission  intensity  at  3304  A 
in  the  DB-1  flame  as  more  02  is  added  to  argon.  The  energy  balance  in 
Reaction  IV  contributes  to  the  heat  needed  for  faster  decomposition  of 
nitrocellulose  and  nitroglycerin. 

Other  exothermic  reactions  involving  02  in  the  gas  phase  near 
the  edge  of  both  the  burning  surface  and  the  flame  may  have  been  partly 
responsible  for  flame  spreading  in  the  LOVA  combustion. 


Reactions  at  the  Surface 


The  measurements  of  the  burning  rate  at  low  pressures  of 
Ar/02  mixtures  have  shown  that  the  degradation  at  the  burning  surface  is 
less  pressure-dependent  than  in  the  cases  of  inert  atmospheres.  This 
smaller  pressure-dependence  translates  into  a  smaller  dependence  on  the 
heat  transfer  from  the  gas  phase  processes.  Similarly,  Kubota  has  found 
that  the  burning  rate  of  RDX  and  HMX  propellants  depends  largely  on  the 
heat  released  by  the  surface  reactions,  and  to  a  negligible  extent  on 
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the  energy  feedback  from  the  luminous  flame  (Ref.  24)  .  In  the 
experiments  with  Ar/C>2  done  here,  the  factor  controlling  the  burning 
rate  at  low  pressures  may  not  be  so  much  the  heat  released  by  the 
surface  as  the  direct  reactions  between  02  and  the  burning  surface, 
whether  that  surface  be  solid  or  liquid.  The  small  Ar/02  flow  rate 
which  maintained  the  low  pressure  in  the  combustion  chamber  during  each 
experiment  could  have  allowed  a  long  enough  residence-time  for  02  to 
interact  with  the  burning  surface. 

Another  sign  of  02-induced  decomposition  at  the  surface  is 
again  the  very  early  appearance  of  OH.  Although  reaction  IV  produces  OH 
and  CO,  the  CO  emission  at  3304  A  and  the  first  OH  appearance  did  not 
happen  at  the  same  time.  In  fact,  the  OH  signal  was  seen  immediately 
after  ignition  and  lasted  throughout  the  burning  process.  Thus,  Reaction 
IV  is  only  one  of  the  steps  giving  OH.  A  high-temperature  reaction  of  02 
with  RDX  or  nitrocellulose/nitroglycerin  can  account  for  the  early 
formation  of  OH. 

Because  of  the  complex  nature  of  the  RDX  and  nitrocellulose 
molecules,  only  a  general  scheme  of  the  postulated  reactions  with  02  is 
given  here: 


I 

no2 


A 

-  N02 


[H2crj]3 


+  o 


2 


HCN  +  CN  +  OH 


The  main  point  here  is  that  02  helps  break  up  the  remaining  rings  after 
one  or  more  N02-groups  have  been  removed  and,  in  the  process,  produces 
OH  and  other  intermediates. 
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CONCLUSIONS 


In  this  survey  study,  the  burning  rate  for  a  variety  of  nitramine 
and  nitrate  ester  propellants  has  been  determined  as  a  function  of 
pressure  and  composition  of  the  surrounding  atmosphere.  A  number  of 
reactive  species  have  been  identified  in  the  propellant  flames.  The 
findings  from  all  the  propellants  studied  in  this  work  are  indicative  of 
a  rich  flame  with  the  characteristics  of  a  predominantly  RCN-type  fuel. 
The  flame  chemistry  follows  second-  and  third-order  rates  for  the 
nitrate  ester  and  nitramine  propellants,  respectively.  However,  the 
stoichiometry  of  these  flames  still  needs  to  be  worked  out  in  order  to 
evaluate  the  energy  balance  from  the  combustions. 

Results  from  the  experiments  lin  both  inert  and  reactive 
atmosjjleres  show  two  competing  pi|pces*es  which  afjta^^the  propellant 
burnings.  At  low  pressures,  the  presence  of  O2  i^^crominant  on  the 
burning  rate  and  makes  it  less  dependent  on  the  flame-reactions.  This 
suggests  a  possible  02-chemistry  at  or  near  the  condensed  surface.  At 
high  pressures,  the  burning  rate  is  mostly  controlled  by  the  heat 
feedback  from  the  flame,  and  any  chemistry  involving  O2  becomes 
negligible  in  effect. 

While  a  number  of  gas  phase  reactions,  with  and  without  O2,  have 
been  determined  which  provide  a  glimpse  at  the  flame  chemistry  of  the 
propellants,  some  other  processes  are  based  more  on  speculations.  Such 
is  the  case  of  the  exothermic  heterogeneous  reactions  at  the  burning 
surface,  postulated  here  to  partly  account  for  the  early  OH  formation. 
These  heterogeneous  events  could  be  the  major  factors  controlling  the 
burning  rate  at  low  pressures,  when  the  flame  leacLiouo  are  too  slow  and 
too  far  from  the  condensed  phase  to  affect  it. 
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RECOMMENDATIONS 


This  work  has  shed  some  light  on  the  general  aspects  of  propellant 
combustion.  Still,  there  are  many  unanswered  questions.  Although  the 
most  obvious  problem  is  the  stoichiometry  of  the  flame  chemistry,  many 
details  must  first  be  gathered  to  put  together  the  overall  picture: 

-The  first  task  is  to  enumerate  all  the  major  flame  participant's. 
There  should  be  many  more  reactive  transients  than  have  been  found  in 
this  work.  Many  intermediates  may  have  been  formed  in  their  electronic 
ground  states  and  can  be  detected  only  by  absorption  or  laser-induced 
fluorescence  (LIF).  Moreover,  the  presence  of  impurities  in  the 
propellant  and  their  significance  in  the  flame,  such  as  inducing 
ionization,  should  be  checked  out.  The  3500-3900  A  spectrum  from  the 
dark  zone  of  the  DB  flame  must  be  investigated  further  to  identify  its 
emitters . 

-The  second  task  is  to  determine  the  interactions  between  those 
major  participants.  The  spatial  and  temporal  distributions  of  t.hc- 
intermediate  and  final  products  of  the  propellant  flames  can  help  decide 
among  the  alternative  mechanisms.  In  addition,  the  temperature-profile 
of  a  flame  must  be  known.  Not  only  does  it  serve  as  a  guide  to  estimate 
certain  energetic  reactions;  but  the  thermal  gradients,  and  thus  the 
heat-transfer  rates,  among  the  various  flame  zones  can  then  be  derived. 

Those  are  some  of  the  problems  concerning  the  propellant 
combustion  itself.  Surely,  the  methodology  required  to  address  these 
problems  can  also  be  improvised.  The  LIF  technique  can  help  determine 
the  reactive  intermediates.  The  CARS  method,  which  has  proved  valuable 
in  monitoring  the  equilibrium  products  of  the  air-supported  LOVA-flame 
(Ref.  7),  can  be  applied  to  high-pressure  propellant  combustion.  The 
benefits  with  LIF  and  CARS  in  propellant  studies  have  been  widely 
discussed  in  the  literature  and  need  not  be  further  debated  here. 
Finally,  a  new  design  of  the  optical  bomb  should  include  a  means  to  keep 
the  flame  stationary  during  the  propellant  burning.  This  will  greatly 
improve  the  accuracy  in  plotting  the  species  profile  of  the  flame. 
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